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Nitrogen-containing electrocatalysts, such as metal–nitrogen–carbon
(M–N–C) composites and nitrogen-doped carbons, are known to
exhibit high activities for an oxygen reduction reaction (ORR).
Moreover, even if the mechanism by which nitrogen improves the
activities is not completely understood, a strong electronic interaction
between nitrogen and active sites has been found in these composites.
Herein, we demonstrate a case in which nitrogen improves the
electroactivity, but in the absence of a strong interaction with other
components. The overpotentials of the ORR and oxygen evolution
reaction (OER) on perovskite oxide catalysts were significantly reduced
simply by mixing the catalyst particles with polypyrrole/carbon
composites (pPy/C). Any strong interactions between pPy (a
nitrogen-containing compound) and active sites of the catalysts
are not confirmed. A scenario based on the sequential task allocation
between pPy and oxide catalysts for the ORR was proposed: (1)
molecular oxygen is incorporated into pPy as a form of superoxide
(pPy+O2
), (2) the superoxide is transferred to the active sites of
perovskite catalysts, and (3) the superoxide is completely reduced
along the 4e ORR process.
Oxygen-related electrochemistry is important for next-generation
energy conversion and storage. Oxygen reduction reactions (ORR)
are used as cathodic processes of fuel cells and metal air batteries
for the generation of electricity.1–5 Its reverse reaction, oxygen
evolution reaction (OER), is the anodic process for splitting water
and charging process of metal air batteries.6,7 High reversibility
between the ORR and OER should be guaranteed in the
rechargeable metal air batteries,2–5 whereas fuel cells and water
splitting are based on either forward or backward reactions of
the oxygen-to-water conversion. Although platinum is known as
the best ORR catalyst, the oxide layer formed on its surface
under oxidative conditions seriously deteriorates its catalytic
activity for the OER.8–10 Iridium or ruthenium oxides have been
regarded as the best OER catalysts.11 However, their electro-
catalytic activities for the ORR are not as high as those for the
OER and are significantly inferior to those of the other catalysts.
Iridium alloys with transition metals, as another form of
iridium-containing catalysts (not the oxide form), efficiently
catalyzed the ORR, whereas other forms of ruthenium did not
work as ORR catalysts.12 Therefore, it is challenging to develop a
catalyst with high electroactivities for both ORR and OER.
Perovskite oxides have been studied as catalysts for oxygen-
related electrochemistry. Simple perovskite oxides (ABO3; A = alkaline
and/or rare earth metals, B = transition metals) have been suggested
as mono-functional catalysts for OER or ORR13–15 and bifunctional
catalysts.16–18 Material candidates were extended from the simple
perovskites to double or layered perovskites. A series of double
perovskites have been reported to be more stable during OER than
their simple perovskite counterpart BSCF (Ba0.5Sr0.5Co0.8Fe0.2O2.59).
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Broader context
Perovskite oxides have been studied as electrocatalysts for an oxygen
reduction reaction (ORR) and/or an oxygen evolution reaction (OER) for the
determination of the performances of rechargeable metal–air batteries.
Their ORR electroactivities are much inferior to other ORR catalysts, such
as nitrogen-doped carbons, whereas their OER activities are relatively more
comparable to those of other OER catalysts. Therefore, the improvement in
the ORR electroactivity is required for guaranteeing the bifunctionality by
reducing the potential gap between the ORR and the OER. In this study, we
present simply mixed, composite catalysts of perovskite oxide catalysts and
polypyrrole (pPy). Interestingly, without any strong interactions between
the two components, the overpotentials of the ORR and OER on perovskite
oxide catalysts were significantly reduced simply by mixing the catalyst
particles with polypyrrole/carbon composites (pPy/C). To explain the novel
nitrogen effect, we proposed and proved a novel mechanism based on the
sequential task allocation model.
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their ORR activities are still lower than those of other catalysts
such as N-doped carbons. Improvement in the ORR electro-
activity is required for guaranteeing the bifunctionality and
reducing the potential gap between ORR and OER.
In this study, two diﬀerent perovskite oxides, BSCF as a simple
perovskite and NBSC as a double perovskite (NdBa0.25Sr0.75-
Co2O5.9 in Fig. S1, ESI†), were used as bifunctional catalysts for
both ORR and OER in alkaline media at room temperature.19 The
particle sizes of both oxides were similarly or identically
controlled from 400 to 500 nm (e.g., Ketjenblack at B30 nm).
The conductivities at room temperature were 0.25 S cm1 for
BSCF and 5400 S cm1 for NBSC.
A significant but limited improvement in the ORR and OER
kinetics was achieved by NBSC when the NBSC was compared
with BSCF (Fig. 1). The polarization diﬀerence between the
perovskite oxide catalysts would be due to the diﬀerence in the
electronic environments surrounding the cobalt active sites and
their conductivities. The ORR onset potential of the highly
conductive NBSC (Eonset; defined as the potential at 0.1 mA cm2
in this study) was shifted in the more positive direction (or in
the less overpotential direction) by +50 mV from that of the
poorly conductive BSCF (Fig. 1a). The exchange current density
( jo) of NBSC (calculated via the Tafel equation) was estimated at
5.26  105 mA cm2, which is six times as high as that of BSCF
(Fig. 1b). The kinetic current density ( jk calculated by Koutecky–
Levich equation) at 0.68 V (all potentials herein were obtained
versus RHE) was 1.81 mA cm2 for NBSC, which is more than
twice that of BSCF. Therefore, double perovskite is obviously
superior to its simple perovskite counterpart from a kinetic stand-
point of ORR activity even if NBSC did not exceed Pt/C (Fig. 1b).
Moreover, NBSC preferred a 4e process responsible for the complete
oxygen reduction (number of electron transferred, n = 3.81
to 3.92) (Fig. 1c). In addition to the ORR, NBSC was superior
to BSCF and even IrO2 (the well-known highly active OER
catalyst) in terms of the OER overpotential (ZOER) (Fig. 2a) and
its durability (Fig. 2b): ZOER at 10 mA cm
2 of NBSC is 60 mV
lower than 1.76 V for BSCF and IrO2.
For a more remarkable improvement, we added a nitrogen
component (polypyrrole or pPy) to the perovskite oxide catalysts
to boost their kinetics because the nitrogen contents have been
reported to improve the ORR kinetics. Electronically coupled
metal–nitrogen (M–N) active sites have been proposed as key
components of the previously reported N-assisted ORR.20 The
catalyst materials based on the M–N sites include nitrogen-
containing macrocyclic metal complexes (e.g., cobalt phthalo-
cyanine, CoPc21 and iron phthalocyanine, FePc with an additional
pyridine ligand in the axis vertical to the Pc plane22), metal ions
coordinated to a nitrogen-containing polymer (pPy),23 and M–N–C
composites prepared by pyrolyzing a mixture of precursors of
metal, nitrogen, and carbon.24–28 Even without metal components,
nitrogen-doped graphenes showed good catalytic ORR activities.29
Moreover, the M–N active sites were developed by incorporating
metal oxides into the N-doped carbons (MO–N–C composites).30–33
Note that the high ORR electroactivities have not been previously
achieved by physically mixing metal-containing catalysts and
N-containing materials. Strong electronic interactions between
metal and nitrogen atoms are required for generating the
electroactive M–N sites. Therefore, the successful fabrication
of M–N–C or MO–N–C composites should include (1) the M-to-N
physical contacts by homogeneously mixing M and N precursors
Fig. 1 ORR (a) ORR polarization in 0.1 M KOH (aq) at a cathodic scan
(10 mV s1) at 1600 rpm. C (Ketjenblack EC-600JD) or pPy/C was used at
20 wt% with perovskite oxide catalysts (NBSC or BSCF). Open and solid
circles on curves means +C and +pPy/C, respectively. Pt/C = Pt + 80wt% C.
Loading density (L in mgtotal cm
2 with total = oxide + carbon) = 0.8 for
the perovskite catalyst layers and 0.4 for C and pPy/C. Baselines obtained
from N2-purged electrolyte for each sample were included. (b) Kinetic
current densities ( jk) at 0.68 VRHE and exchange current densities ( jo).
(c) Number of electron transferred (n). (d) Potential profiles for the
galvanostatic discharge at 20 mA cm2 in zinc–air batteries. The ORR
and OER polarization curves were reproducibly obtained (Fig. S2, ESI†).
Fig. 2 OER and bifunctionality (a) OER polarization at an anodic scan
(10 mV s1) at 1600 rpm. The contents of C and pPy/C are indicated in
Fig. 1. (b) OER stability. The OER current (iOER) at 1.83 V was traced along
repeated cycles between 0.93 V and 1.83 V vs. RHE. (c) Bifunctionality
represented by potential gaps (D) between the potentials at 3 mA cm2
for ORR (EORR) and at +10 mA cm
2 for OER (EOER). The D are indicated as
numerical values, whereas the bars indicate the overpotential of the ORR
and OER (Z; Eeq = 1.23 V vs. RHE).
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at the molecular level (e.g., by dissolving precursor molecules
together in a solvent or by adsorbing metal ions on nitrogen-
doped carbon substrates) and (2) the strong interaction between
M and N atoms (e.g., developed by pyrolysis).
Interestingly, in the presence of pPy, the catalytic ORR and
OER kinetics of the perovskite oxides were remarkably improved
by simply mixing (not pyrolyzing) the catalysts with pPy. Carbon
black (i.e., Ketjenblack) was replaced by a pPy/carbon black
composite (pPy/C; Fig. S3b, ESI†). The pPy reduced the ORR
overpotentials by shifting Eonset to the more positive values: to
0.835 V by +135 mV for NBSC and to 0.77 V by +110 mV for BSCF
(Fig. 1a). Note that the Eonset of pPy/C (0.7 V) is less positive than
those of the composites of perovskites and pPy/C. Moreover, the
current parameters ( jo and jk) of both perovskites dramatically
increased in the presence of pPy (Fig. 1b). In addition, more
complete ORR was achieved by BSCF in the presence of pPy,
where n increased from 3.5 without pPy to 3.7 (Fig. 1c). It was
diﬃcult to observe a significant increase in n of NBSC because
the complete reduction around n = 4 was already reached even
without pPy. The electroactivity of pPy-assisted NBSC, considered
as a catalyst comparable to platinum in terms of ORR electro-
activity, was tested in Zn–air cells (Fig. 1d). The pPy-assisted
NBSC showed a smaller ORR overpotential than NBSC (larger
than Pt) and the longest operation that was even longer than Pt
during discharge.
A similar improvement was observed in the OER. The pPy
decreased the ZOER of NBSC from 1.70 V to 1.65 V, whereas ZOER
of BSCF was not significantly changed by pPy (Fig. 2a). The
cycle retention of the OER should be emphasized because there
is every possibility that the corrosion (especially of carbon) at
this highly positive potential range deteriorates the cyclability.
The NBSC delivered the OER current without a significant
decay along cycles, whereas BSCF showed a 30% current decay
after 100 cycles (Fig. 2b). The stabilities of both NBSC + pPy and
BSCF + pPy followed those of the corresponding pPy-absent
systems. Bifunctionality of NBSC + pPy, which is estimated by a
gap (D) between the potentials at 3 mA cm2 for the ORR and
+10 mA cm2 for the OER, was superior to that of other
catalysts (Fig. 2c): D = 0.86 V for NBSC + pPy versus 1.24 V for
BSCF, 1.16 V for IrO2 and 1.04 V for MnO2.
34 To the best of our
knowledge, the value of D for the pPy-assisted NBSC is the
smallest potential gap between the ORR and OER, especially
among perovskite-based bifunctional catalysts that have been
reported (Table S1, ESI†). Moreover, this is another example of
the OER being improved by nitrogen contents that has rarely
been reported.32,33,35
The amount of carbon (C) in the absence of pPy did not
aﬀect the electrocatalytic performances of NBSC (Fig. S4, ESI†).
However, the overpotentials of the ORR and OER polarizations
were significantly reduced with the increasing amounts of
pPy/C. The pPy/C eﬀect suggests the possibility of catalytic or
at least the catalytically assisted roles of pPy. Even the use of
only 5 wt% pPy/C (1 wt% pPy in the overall composite electrodes)
was eﬀective in decreasing the overpotential of the ORR, whereas
20 wt% pPy/C (4 wt% pPy overall) showed a more dramatic
current increase before reaching a limiting current.
The enhanced electroactivities of the ORR and OER by pPy
are surprising, considering that pPy is just physically contacted
with the perovskite catalysts. The interaction between the
pyrrolic N of pPy and the B-site Co of NBSC would not be as
strong as the coordination bonds in the electroactive M–N
sites.24–27 There were no interactions between pPy and the
perovskite oxides detected by the X-ray photoelectron spectra
(Fig. S5, ESI†). The possibility of conductivity enhancement by
the conducting polymer pPy is not feasible since the conductivity
of pPy36,37 is much lower than those of carbon black and NBSC.
Sequential allocation of the catalytic roles between pPy and
oxide catalysts for the ORR is presumed after excluding the
possibility of the formation of new active sites from the physical
mixture of the catalysts and pPy/C.38,39 Introduction of pPy
changed the Tafel slopes of the perovskites from two diﬀerent
values higher than 80 mV dec1 to the same value at 65 mV dec1
(Fig. S6a, ESI†). The same Tafel slopes possibly indicate that
the rate-determining step (RDS) is identical.40–43 Oxygen
adsorption at the initial step is known to be the RDS of the
ORR on the oxide catalysts.13 Therefore, oxygen is considered to
be more dominantly adsorbed on pPy in a more facile manner
than on the perovskite oxide catalysts during the ORR. No
change in the Tafel slopes of the OER (the reverse reaction
of the ORR) also supports that pPy is relevant to the initial
adsorption step because the RDS of the OER is the second
and/or the third steps of the ORR (Fig. S6b, ESI†).14 Moreover,
the values of n did not significantly decrease after the addition
of pPy even though n obtained from pPy/C alone (2e) was much
lower than that of perovskites (4e). Therefore, perovskite catalysts
would be responsible for at least the latter half of the ORR
(peroxide to oxide), driving the 2e peroxide generation forward
to complete the 4e ORR.
Incorporation of molecular oxygen as a form of a charge-
transfer complex (Py+O2) and/or molecular association
complex (Pyd+O2d) into pPy is a possible route for facile
adsorption.44–47 The mass gain of pPy-deposited quartz crystal
resonators, indicated by a frequency decrease, was observed
over time only in the oxygen-saturated media, confirming
oxygen adsorption on pPy (Fig. 3b). During the quartz crystal
microbalance (QCM) experiment, the open circuit potential
(OCV) changed from 0.1 VAg/AgCl to 0.15 VAg/AgCl in the presence
of oxygen, whereas no OCV change was observed in the absence
of oxygen. It suggests that the electronic state of pPy changes
via interaction with oxygen and one of the possible changes is
due to the doping by oxygen species. Moreover, the oxygen
adsorption was spectroscopically investigated. The OQO bond
in molecular di-oxygen is not infrared (IR)-active due to its
symmetry. However, oxygen adsorbed on pPy is detected by IR
due to the interaction between –NH of pPy and oxygen to form
NH+–OO via a hydrogen bond (Fig. 3c). The intensity of the
peak at 3737 cm1 assigned to the OH stretching of NH+–OO
increased with exposure time to air (Fig. S7, ESI†). Interestingly,
a strong interaction between –NH of pPy and oxygen was
expected by a density function theory calculation (DFT). A 0.165
electron was transferred from pPy to oxygen at a 2.24 Å gap due to
the strong dipole of the N–H bond. The gap between pPy and
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oxygen was smaller than those for the conventional dopant
molecules: 2.57 Å for Cl and 3.5 Å for benzene sulfonic acid.48
In our proposed mechanism (Fig. 3a and Fig. S8, ESI†),
molecular oxygen is adsorbed on pPy, and then electrons are
fully and/or partially transferred from the pPy to the adsorbed
oxygen (Py+O2 in step 1). Even if Pyd+O2d is not shown in the
mechanism, the molecular association complex is highly possible
to co-exist with the charge transfer complex. Both complexes are
possibly interpreted as dopants for pPy. The superoxide (O2
)
and/or partially charged oxygen (O2
d) is transferred to the
active site (M) of the metal oxide to form O2
–M or O2
d–M
(step 2). The rest of the steps follow the mechanism of ORR on
perovskite oxide catalysts (steps 3 to 5). The comparison of
adsorption energies (DEad) by DFT calculations supported that
the transfer of oxygen species from pPy to perovskite oxide
catalysts is thermodynamically favorable (Fig. S9 (ESI†) and
Fig. 3d and e). Oxygen was preferentially adsorbed on pPy
(DEad = 0.165 eV) rather than on NBSC (0.11 eV). Then, oxygen
transfer from pPy to the oxide catalyst was driven by the more
negative DEad of oxygen on NBSC (0.75 eV). Moreover, in the
presence of pPy, the distance between Co ion and O2 decreased
from 3.0 Å to 1.9 Å, which is the bond length of chemisorption.
This pPy-assisted O2 adsorption also contributed to significant
charge transfer (i.e., 0.407 e) from pPy to O2.
The assistance of pPy for the ORR electroactivity was not
observed from another nitrogen-containing conducting polymer
polyaniline (Fig. S10, ESI†). As another possible scenario, pPy
catalyzes the peroxide formation via a 2e transfer, and then the
perovskite oxide catalysts reduce the peroxide generated by pPy
forward to the oxide. However, peroxide reduction on the
perovskite oxides was not faster in kinetics than oxygen reduction
(Fig. S11, ESI†). There was no significant onset potential shift
observed with the oxide catalysts (only with carbon black without
pPy) in the presence of peroxide in the electrolyte. Therefore,
the first scenario of a doping-and-transfer mechanism is more
feasible than the second peroxide loss mechanism.
The same pPy-assisted ORR improvement was observed
when pPy was electrodeposited on the NBSC catalytic layers.
Three diﬀerent amounts of pPy were deposited at 0.3, 0.6, and
0.9 wt% (Fig. S12, ESI†). The limiting currents and the n values
decreased with the amount of deposited pPy (Fig. 4a, b and
Fig. S13, ESI†). This appears to be contradictory with the
improvement of the onset potentials and the n values encouraged
by the increasing amount of pPy/C (Fig. S4, ESI†). However, these
electrodeposited pPy cases are diﬀerent from the composite cases
obtained by mixing catalyst particles and pPy/C particles
(Fig. S14, ESI†). In the pPy/C cases, its amount is directly
related to the eﬀective area of pPy. On the contrary, greater
amounts of electrodeposited pPy increase the thickness of pPy
films instead of the area. In thicker pPy layers, O2
 in the
charge transfer complex and/or O2
d in the molecular association
complex is hard to be transferred to the active sites of perovskite
oxide catalysts (Fig. 4c). It is likely that the rate determining step
is moved from oxygen adsorption to diﬀusion of O2
/O2
d.
Therefore, a significant amount of the intermediate oxygen
species does not go forward to OH but to peroxide such that
the n value decreases (Fig. 4b). On the other hand, the onset
potential was not significantly changed with the amount of pPy
films (Fig. 4a). This is additional evidence to confirm the
feasibility of our scenario on the catalytic task allocation model.
Fig. 3 Sequential task allocation between pPy and oxide during the ORR.
(a) Proposed mechanism to explain the role of pPy in the improved kinetics
of the ORR. (b) Frequency changes of a pPy-deposited quartz resonator in
nitrogen-purged (black) or oxygen-saturated (red) deionized water. The
optimized geometries of (c) O2 + pPy, (d) NBSC +O2, and (e) NBSC +O2 + pPy.
The adsorption energy (DEad) of O2 is indicated on the top of each figure. Total
charge of the O2 molecule and optimized distance between the Co ion and O2
are colored black and blue, respectively. A dashed cyan line indicates a hydrogen
bond. The gray dashed line indicates both the lattice and periodic boundary.
Fig. 4 ORR on pPy-deposited perovskite oxide. 0, 0.3, 0.6, and 0.9 wt% of
pPy was electrochemically deposited on NBSC. (a) ORR polarization in
0.1 M KOH (aq) at a cathodic scan at 10mV s1 at 1600 rpm. The pPy amounts
are indicated. (b) The number of electron transferred (n). (c) Oxygen reduction
on perovskite catalysts covered with pPy of three diﬀerent thicknesses.
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Conclusions
In the presence of pPy, the ORR and OER activities of perovskite
oxide catalysts were significantly improved in terms of kinetics
and the number of electron transferred. The sequential task
allocation between pPy and oxide catalysts for the ORR was
suggested to explain the synergistic eﬀects of the organic and
inorganic catalysts (pPy and perovskite). Oxygen was doped into
pPy as a form of superoxide or partially charged oxygen species.
The doped species were transferred from pPy to the active sites
of the perovskite oxide catalysts. In addition, the oxygen species
on perovskite were completely reduced.
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